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Introduction

The deep ocean (>500 m depthp&ng investigatetbr long-term sequestration of GO [1]. At

these depthsrystalline CQ clathrate hydrate (G@H O, 6<n<8) can form. Theoretically, the
hydrate particles should sink in the ocean. This woulitdse seqestration by transporting the GO

to evengreater depths than used for injection. However, our prior work with CO and freshwater
has shown that hydrates which initially form from a two-phase system (freshwater and either gaseous
or liquid CQ) float in the freshwater phase, likely due to,CO trapped within the hydrate particles|2].

If floating hydrates formuponinjection of CQ intothe ocean, sequestration woulddukersely
impacted because the €O would ultimately end up at shallower depths than planned. The hydrate
can also form as a shell bmoyant CQdrops. This wouldlimit the dissolution of the GO and
frustrate the sequestration attempt as the hydrate-encased COrisdpsunacceptable depths.
Formation of the mordesirable sinkindnydrate was observed whiére CQ waglissolved in the
freshwater prior to reaching hydrate-forming conditions [2].

This paper describes current research on hydrate formation in seawater. Both the relative density of
hydrate particlesnd theimpact of a hydratshell onthe dissolution ofiquid CQ, drops were
investigated in seawater. Observationgheafrelative thickness ofhe hydrateshellsare also
presented and compared to predictions from a model that was developed taipeadic! and
steady-state thickness of these shells.

Approach

Experimental observationgeremade in a high-pressure, variable-volume viewcell (HVVC) of 10

to 40 cni capacity. The HVVC was enclosed in a chamber wheréemperature could be
maintained in the region of interest (0 C td 10 C). Agitation in the HVVC was provided by a glass-
encased magnetic stirring bar. More complete descriptions of the HVVC and the basic procedures
have been published [2, 3]. General Purpose Seawater (GPS), salinity around 35, was obtained from
Ocean Scientific iernational, Ltd., Petersfield, Hampshire, U. K. SFC purity (99.99+%) CO was
used.

Results

Relative hydrate density
The relative density of hydrate particles at the time of their formation is profoundly affected by the



mode of CQ injection. Hydrates formeeladily from a single-phassolution of 59.9 mg CO
dissolved per gram GPS with agitation‘at 4 Cto 5 C, 150 bar, conditions similar to those anticipated
for ocean injection. Thiaitially formed hydrate was icelike in appearance (transparent) and rapidly
sank. When a CO drapas subsequently injected in this experim#re, droprapidly formed a

hydrate shell. In contrast to hydrates formed from solution, ehydrate-coveredrop was

broken apartwith agitation, the hydrate fragments floated in the seawater phase that wés at 2.8 C,
151 bar. The fragments were found to sink at higher prei@peoximately 305 bar). The increase

to this higher pressure would compress any trapped liqujd CO to a density equal to or greater than
that of the seawater phase, thus indicating that the cause of the initial buoyancy of the fragments was
due to trapped CO .

Hydrate formation wasot olserved from a single-phase solution of 44 mg, §€ gramGPS at
conditions approximatinthose anticipated for ocean injection. Sinking hydrate particles did form

at more severe conditions, 2 C and at pressures approaching 270 bar. Further work is in progress
to better define conditions at which hydrate will form from,CO dissolved in seawater.

Effect of hydrate shell on CQ drops

Both theoretical and experimental work have been performed to determine the impact of a hydrate
shell on the fate of a CO drop under conditions similar to #agsected in deep ocean sequestration

[2, 4]. A model was developed assuming that the thickness of the shell is governed by the diffusion
of the CQ through the hydraskellanddiffusion orconvection of dissolved GO away from the
hydrate-covered particle. Bounds on th&kness ofthe initially formed shell, andipon the
thicknesses of shells in saturated and unsaturated environments were estimated.

According to the model, a very thin hydrate shell (<0.1 cm) should initially form around drops of CO
injected intothe deep ocean. If injected into water unsaturatiéial respect to hydrat®rming
conditions, a stable hydrasbellthickness orthe order of 16 to 16 times the radius of the drop

will form. If injected into saturated water, thgdrate will form a thicker shell, possibly approaching

10" cm in thickness for growth periods in excess of 100 h. Since the water is saturated with respect
to hydrate-forming conditions, the hydrate shell would serve only to slow the diffusion,of CO and
thus prevent the formation of additional hydrate from the injected CO . Saturated conditions could
occur in thevicinity of theinjection. Under this scenario, additional hydrates could form on the
hydrate-covered drop from the GO dissolved in the water. This was the subject of an earlier paper

(5).

In the experiments described in the previous section, CO drops were injected into the HVVC and
the dissolution of the drops monitored. In the experiment at highgr CO concentration, the first drop
injected (at 2 C, 145 barpmediately formed a hydraghell. In contrast, in the experiment at lower

CO, concentration, severdtops weranitially added that did not form a hydrate shell. With each
drop thedissolved C® concentration increased. Above 51 mg/g GPS, at condition$ near 2 C and
175 bar, subsequent drdpsmed a hydrate shell within several seconds of injection. The shell was
observed to form from a single nucleation pointloe dropsand rapidlygrow to cover thentire

drop surface.

Drop dissolution rates, expressed as the rate of radial decrease, as a function of temperature from the



experiment at lower CO concentration are
shown in Figure 1. The radial
measurementswere made from video
images recorded as the HVVC was warmed
from 1.7C to 81 C. A nevdrop was
injected into the HVV@nly after complete
E dissolution of the preceding drop.
] Formation of the hydrate shell resulted in a
decline inthe rate ofradial decrease of
three orders omagnitude when hydrate
shells were formed. Thate ofshrinkage
increased with temperaturéhis is likely
due to thinning of the hydrathell. This
O No hydrate shell ] thinning was substantiated byvisual
@ With hydrate shell observations. The hydraghell atlower
S — temperature was rough textured; whereas,
1 2 3 4 5 6 7 8 9 at higher temperatureshe shell was
Temperature, ©°C smooth. The different slopes the data
suggest that the shell was nostgady state
at the lower temperatures.Additional
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Figure 1. CQ, drop dissolution in seawater. experiments are planned to determine if this
is the case.
Conclusions

Previous experimental results in freshwater amtent results in seawater, along with model
predictions, indicate that hydrate shell formation oy CO drops would negatively impact attempts to
sequester CO in the ocean by diregction atdepths belovabout 500 m. A thin hydrashell

would stabilize the drop and permit the injected,CO to rise to unacceptably shallower depths before
dissolution. Hydrate fragments frofime dropmayalso be buoyant owing to trapped £O in the
hydrate lattice. Injection strategies that avoidinoit hydrateshellformation wil be required for

effective sequestration. One strategy would be to design the injection system to insure that the CO
concentration in the seawater remains below that required for hydrate formation. Based on the early
data from thiswork, this limit would be near 50 mg CO /g seawater at depths currbaihg
considered for direct injection (1000 m to 1500 m). Another strategy would be to dissolve,the CO
in the seawater prior to encountering depths where hydrate formation would be possible. The gas
lift tube dissolution concept of Saito, et al. exemplifies this concept [6]. Direct injection strategies
will also beimpacted by theffect of turbulence and jelynamicsareasnot covered in the work
reported here but which are under investigation by others in projects supported by the Department
of Energy through FETC [4].

Future Activities

Current research plansvolve renovation of theviewcell facilitiesused in thiswork and the
construction of a watdunnelfacility to better simulatéhe oceanienvironment that would be



experienced by CO injected intiee deep ocean. The watannel facility is modeled after work
previously performed by Maini and Bishnoi [7] and Moo-Young, et al. [8]. The facility will include

both low-pressure and high-pressure systems. The low-preystesn Wi be used to determine

critical designparameters necessarydiabilize a bubble adrop in anobservation section and to

study low-pressure hydrate formers as models of the CO /seawater system. The design parameters
will be incorporated in thiigh pressure system that will be used to study the CO /seawater system.

Disclaimer

Reference in this report to any specific product, process, or service is to facilitate understanding and
does not imply its endorsement or favoring by the United States Department of Energy.
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